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上对 MJO 模拟效果较好的全耦合模式之一。 
首先，本文通过使用不同的模式设置，设计了五个敏感试验，通过将模拟结果
与观测再分析数据进行 MJO 特征的诊断比较，分析了 CESM 新版本对 MJO 基本特
征模拟的能力，主要包括：基本的季节内变率（ISV）特征、频率 30-90 天和波数 1-
3 波的特征、冬季向东传播和夏季向北传播的特征，以及对流场与大尺度环流场的
耦合相干性特征等。在此基础上，本文进一步探讨了 CESM 模式中的海气耦合、模




传播特征的模拟等方面有助于改善 MJO 特征模拟的细节。而对于 CAM4 和 CAM5
两个不同的大气物理模块，在高分辨率的试验中，二者模拟 MJO 的一些特征的能力
基本持平，例如 ISV 空间分布和向东传播过程，而在 MJO 的传播速度和 OLR 频率


















的耦合模式（CPL4）要好。而 CPL5 试验最大的缺陷是其模拟的 MJO 对流信号强
度比观测值要弱很多。 
其次，基于模式的诊断分析结果，本文采用了大气模块为分辨率约为 1°的









热通量的正异常是 MJO 向东传播的前置条件。在初始场中加入 SV 扰动之后，SST
的扰动主要是通过潜热通量项来影响 MJO 的发展。SV 对初始扰动时刻的敏感性较
低，只有较大的型态差异才能影响 SV 的结果，可能是由于大气对海洋热源扰动的
大小和位置的响应不同，而 SV 对扰动区域则相对要敏感一些，印度洋与太平洋之
间的联合作用在 MJO 的发展传播过程中有着重要的作用。 


















The Madden-Julian Oscillation (MJO) is the dominant mode of intraseasonal varia-
bility in the tropics. Coherent eastward propagation of convection and zonal wind over the 
Indian Ocean, the Maritime Continent, and the western Pacific Ocean are the salient fea-
tures of the MJO. Furthermore, the MJO plays a critical role in connecting the weather and 
climate variation. Thus, the MJO has become an intensive research topic in recent years. 
Many studies focused on understanding and predicting the MJO using statistical and dy-
namical methods. Moreover, the MJO has extensive interactions with other components of 
the climate system, for instance, the El Nino-Southern Oscillation, the Asian and Australian 
monsoon systems, and the extratropics. Therefore, it is important to represent the MJO 
realistically in models for climate modeling and prediction. 
This paper presents an assessment of the MJO simulated in five experiments using the 
Community Earth System Model (CESM) under different model settings. The analysis fo-
cused on the effects of air-sea coupling, resolution and atmospheric physics on the basic 
characteristics of the MJO, including intraseasonal variance, wavenumber-frequency char-
acteristics and eastward propagation, using outgoing longwave radiation (OLR), zonal 
winds at 850 hPa (U850) and at 200 hPa (U200). Five experiments are conducted for this 
purpose including one atmospheric model -- Community Atmosphere model version 4 
(CAM4), two coupled models with CAM4 or CAM5 (Community Atmosphere model ver-
sion 5) as the atmospheric component at a low resolution (CLP4_2d, CPL5_2d) and two 
the same coupled model with a high resolution (CPL4_1d and CLP5_1d).  
The MJO diagnostic results show that all models have better intraseasonal character-















pled models in characterizing MJO basic features including the temporal and spatial in-
traseasonal variability and the eastward propagation. With ocean feedback, the coherence 
of convection and circulation is improved in the coupled models. The higher resolution is 
helpful in improving ISV spatial distribution and eliminating low frequency bias in the 
frequency-wavenumber spectra although it has little improvement to MJO-band variance 
(power) in frequency-wavenumber spectra. The new shallow convection scheme in CAM5 
improves the moisture process of the lower troposphere so that CPL5_2d and CPL5_1d 
have more realistic eastward propagation speed in the boreal winter and better northward 
propagation in the boreal summer than other models. However, the strength of the convec-
tive MJO signal in CPL5_2d and CPL5_1d are weaker than other models and observations, 
which is probably one of the most spurious features in CPL5_2d and CPL5_1d experiments, 
suggesting that the CAM5 has a weaker convection activity than its predecessor. 
Based on the analysis above, the climate related singular vector (CSV) is used to cal-
culate the optimal SST initial perturbation of the MJO related OLR forecast. To analyze 
the optimal error growth mechanism, the moist static energy (MSE) budget analysis is ap-
plied. Moreover, the sensitivity of the singular vector (SV) to the initial time and the per-
turbation area is discussed. The pattern of the SV calculated from the Indian Ocean SST 
perturbation is resemble to the Indian Ocean Dipole (IOD) pattern, which shows opposite 
anomaly between the west coast of the island of Sumatra and the Somalia's east coast. 
Through the MSE budget analysis of the original simulation, the obvious eastward propa-
gation of the intraseasonal OLR and the column-integrated MSE is found to the west of the 
date line. Among all the budget terms, the horizontal advection, vertical advection and 
latent heating flux are the main contributing terms. The advection’s negative anomaly con-
tributes most to the OLR’s east propagation. And the horizontal component lags the con-















are also very important. The latent heating flux’s positive anomaly usually happens ahead 
of the enhanced convective activity, which means the latent heating may precondition the 
deep convection. In the results of the simulation with the initial SST added the SV, the 
development of the MJO is affected by the changes of the latent heating terms. The optimal 
initial perturbation of the MJO related OLR forecast shows low sensitivity to different in-
itial times. But its sensitivity to the perturbation areas is a little higher, which may results 
from the different sensitivities of the responses to the changes of the heat sources’ strength 
and location. The connection between the Indian Ocean and the Pacific Ocean plays an 
important role in the MJO’s forecast. 
 
关键词：热带季节内振荡；MJO 诊断；奇异向量方法；最优预报误差 
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第 1 章 绪论 
1 
第 1章 绪论 
1.1 选题依据和研究意义 
在上个世纪 70 年代，Madden and Julian（1971, 1972）发现赤道附近的大气中有
40 天左右的准周期振荡现象，之后的研究发现，整个热带大气甚至全球大气都存在
30-60 天时间尺度的振荡现象，该现象被称为季节内振荡（ISO）。现在，通常将赤









对年际尺度的 ENSO（李崇银和廖清海 1998；Kessler 2001；Saith and Slingo 2006；
Peng et al. 2011；Hoell et al. 2014），季节尺度的季风系统（穆明权和李崇银 2000；
Schubert and Wu 2001；Lavender and Matthews 2009；Evans et al. 2014），天气尺度
的热带气旋的产生（李崇银 et al. 2012；Bessafi and Wheeler 2006；Klotzbach 2010；
Li and Zhou 2013；Tao and Li 2014），以及平均气候态（Sardeshmukh and Sura 2007），
北大西洋振荡（Cassou 2008）以及热带外地区（Zhou and Miller 2005；Gong et al. 
2014）等的影响，国内外已经有大量的工作对此进行了研究。因此，对于气候模型
和天气预报来说，能够更真实地模拟出 MJO 对提高预报技巧非常重要（Peng et al. 
2011）。虽然目前一些全球气候模式已经能较好得模拟出 MJO 的一些基本特征













第 1 章 绪论 
2 
确模拟 MJO 的必要要素（Majda et al. 2007；Li et al. 2009；Cai et al. 2013），但至今
对 MJO 物理机制的认识仍然不是很清楚（Zhang 2013；Li 2014），模式对 MJO 的





划（Year of Tropical Convection）；MJO 动力学计划（DYNAMO）；MJO 非绝热
过程后报计划（Diabatic Hindcast Project）；MJO 先锋计划（TASK Force）；季节
内变率后报试验计划（ISVHE）等。其中 MJO 非绝热过程后报计划主要是利用全球
天气和气候模式研究 MJO 的物理和动力过程（包括加热，加湿和动量的混合过程），
而 MJO 先锋计划和 ISVHE 计划，重点研究 MJO 的模拟和预报，评估 MJO 的可预
报性和预报能力。 
提高模式对 MJO 的模拟预报能力与 MJO 机制的研究之间有相辅相成的关系，
只有深入了解了 MJO 的物理机制，才能更准确地改进模式相应的物理过程的模拟，





1.2.1 MJO 机制研究进展 
目前，MJO 的物理机制问题还没有一个定论，这是由于 MJO 本身的复杂性、
观测数据的缺少，以及表征 MJO 的变量、方法和标准的不一致性、MJO 性质的多













第 1 章 绪论 
3 
是大气对外部强迫的一种响应（例如，Hsu et al. 1990），而一些理论则认为其是对
大气内部不稳定的自发现象（例如，Matthews 2000）。现有的观测数据的研究结果











图 1-1 季节内振荡的基本物理过程框架图（Lau and Waliser 2011） 
Figure 1-1 Essential physical processes involved in theoretical modeling of the in-



















二类条件不稳定机制是 Charney and Eliassen（1964）作为小尺度对流驱动艾克曼抽
吸的反馈提出的，该反馈又会通过驱动大尺度低层辐聚，来进一步促进对流发展。
Lindzen（1974）在该理论基础上发展出改进的 CISK 机制，即波动 CISK，解释了热
带地区波动驱动的辐聚与大尺度组织的对流之间类似的反馈作用。该理论的不足是
经常引入一些不实际的假设，例如，忽略水平 MSE 平流、大气对于湿对流的条件不




风-蒸发反馈机制最初见 Emanuel（1987）和 Neelin et al.（1987）的研究中，之
后发展为风诱导表面热量交换（WISHE）理论（Yano and Emanuel 1991），该机制
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已经有一些研究表明（Kemball-cook and Weare 2001；Kiladis et al. 2005；Benedict 
and Randall 2007 等），在 MJO 对流过程发生之前，存在一段对流层湿度和大气不
稳定性逐渐增加的水汽补给时期。对流开始后，湿度开始相对快速地释放，大气稳
定性也随之增加。水汽释放结束后，又会接着进行新一轮的水汽补给过程，这个过
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